In this paper, mechanistic and finite element modeling of meso/micro end milling process with predictions of forces, stresses and temperature distributions in the presence of tool edge ploughing are presented. The finite element modeling of micro end milling without considering tool-workpiece dynamics interaction is introduced to study the effects of cutting conditions on the workpiece deformations in meso/micro end milling. Model is tested and validated for temperature and force predictions in meso/micro end milling of AL 2024-T6 aluminum.
INTRODUCTION
The demand for miniaturized meso-(100 µm-10 mm)/ micro-(0.1-100 µm) devices with high aspect ratios and superior surfaces has been rapidly increasing in aerospace, automotive, biomedical, optical, and micro-electronics packaging industries [1, 2] . There is a growing need for fast, direct, and mass manufacturing of meso/micro functional products from metals, polymers, composites, and ceramics. Unlike established technologies to produce semiconductor products (typical for electronics industry) or the adaptation of that technology to biomedical applications (BioMEMS), technologies for mass manufacturing of meso/micro parts are still under development, and present a number of research issues and challenges [3] .
Micro mechanical machining as a micro-manufacturing process is rapidly gaining momentum because of its ability to directly produce meso/micro three-dimensional functional parts [4, 5, 6, 7, 8] . The meso/micro end milling process is not only fast but also cost efficient as compared to other processes. Meso/micro-end milling can achieve good accuracy, low surface roughness, and can provide high material removal rates (MRR) with feature sizes as small as 5-10 µm particularly with recently developed miniature machine tools [9] . The smallest tungsten-carbide micro end mills available on the market are about 25 µm in diameter. Micro end mills with diameter from 23 µm (.0009") down to 5 µm (.0002") are also fabricated for special request, and currently being tested only in the research institutions [10] . Such micro end mills are utilized in direct fabrication of micro molds/dies from tool steels for injection molding and micro-forming applications [11, 12] .
CHARACTERISTICS OF MESO/MICRO END MILLING
Increasing popularity of meso/micro end milling operation has sparked the interest of researchers to study the meso/micro end milling processes to improve the productivity and also to understand how they differ from conventional end milling process [11, 12, 13, 14] . The fundamental difference between meso/micro milling process and conventional milling process arises due to scale of the operation. The difference between the meso/micro end milling and conventional end milling can be summarized as follows:
• The ratio of feed per tooth to radius of the cutter is much greater in meso/micro milling than conventional milling, which often leads to an error in predicting cutting forces [11] .
• The cutter runout even within microns greatly affects the accuracy of the meso/micro end milling operations as opposed to the conventional milling [12] .
• The meso/micro end milling is associated with sudden tool failure because the wear in the tool is not evident and also due to its highly unpredictable cutting action [13] .
• The chip formation in the meso/micro end milling depends upon a minimum chip thickness [14] and hence the chip is not always formed whenever tool and work piece is engaged as opposed to conventional end milling [15, 16] .
• The tool deflection in the meso/micro end milling greatly affects the chip formation and accuracy of the desired surface as compared to conventional end milling [17] .
• The tool edge radius (typically >= 3 µm) and its uniformity along the cutting edge is highly important as the chip thickness becomes a comparable size to the cutting edge radius [18] .
• Since the chip load is small compared to the cutting edge radius the size effect and ploughing forces become significant on both surface and force generation in end milling [19, 20, 21, 22] .
• Meso/micro-end milling may result in surface generation with burrs and increased surfaces roughness [24] .
Size Effect
The size effect is originally discovered in ultra precision diamond cutting [19] . The specific cutting forces depend mostly on the ratio of the uncut chip thickness to the tool edge radius (t u /r) when t u < r. Due to the highly localized shearing the specific cutting forces in ultra precision cutting is almost twice that of in conventional cutting.
A minimum chip thickness is observed in micro cutting where tool engagement with workpiece only result in chip formation when uncut chip thickness is greater t u >= t min [15] . It is believed that the minimum chip thickness is about 0.1 times of the tool edge radius. Both size effect and minimum chip thickness are also experimentally investigated in micro end milling [8, 10, 11, 16, 17, 22, 23] . In particular, these studies focused on the impact of size effect on surface roughness and generation [8, 10, 11, 22] , cutting forces [17, 23] , built-up formation [21] , chip formation [16] and burr formation [24] .
EXPERIMENTS IN MESO/MICRO END MILLING
Forces acting on the tool in slot milling are shown 
Meso-end milling experiments
Meso scale milling experiments using flat end cutters are conducted by taking slot cuts at a constant axial depth of cut and spindle speed in machining of AL 2024-T6 workpiece. Two different tool diameters for 2-flute carbide end mills are used with varying feed per tooth to investigate the effect of feed rate on the cutting forces generated. The cutting forces were acquired using a piezo-electric dynamometer and charge amplifier (Kistler, models 9265C2 and 5010). There global axis forces (x,y, and z directional forces) have been recorded at 50 kHz with a PC-based data acquisition system. A summary of the experimental conditions is given in Table 1 . Size effect and minimum chip thickness were investigated in these experiments by varying feed rate to obtain a feed per tooth from 4 to 0.265 µm. Tool cutting edge radius for 1.5875 mm diameter tool is 7 µm and for 3.175 mm tool is 9 µm with an uncertainty of ± 1.5 µm. The channels machined with two different end mill at the same feed rate (2 µm/tooth) are shown in Fig. 2 . The side burrs are formed during meso end milling and they were more obvious in the channel machined D=3.175 mm. Measured feed (F x ) and normal forces (F y ) in various feed rates in meso-end milling the tool diameter of 1.5875 mm are given in Fig. 3 . It is seen that the forces increase with the increase in the feed rate, however, the specific cutting forces as shown in Fig. 4 are increasing with decreasing feed rate. It should also be noted that the minimum chip thickness is observed at around 0.53 µm/tooth for this case. For feed rates of 0.265 and 0.53 µm/tooth, the specific forces are significantly higher indicating that the ploughing-dominated end milling takes place at those cutting conditions, whereas, the meso end milling was shearing-dominated in the others as characterized by Vogler et al. [22] .
Measured feed (F x ) and normal forces (F y ) in various feed rates in meso-end milling the tool diameter of 3.175 mm are given in Fig. 5 . The variation in the measured forces are much greater in meso end milling with 1.5875 mm diameter cutter for various feed rates, when compared to the measured forces in meso end milling with 3.175 mm diameter cutter as shown in Fig. 5 . This can be explained that as the diameter of the cutter gets smaller the flexural stiffness gets lower hence the force variations increased due to the reduced stiffness of the cutter. 
Micro-end milling experiments
Milling experiments using micro end mils are also conducted by taking slot cuts at a constant axial depth of cut and spindle speed. A micro end mill with 0.635 mm tool diameter with 2-flutes is used with varying feed per tooth to investigate the effect of feed rate on the cutting forces generated. The microscopic pictures of the tungsten carbide micro end mill are shown in Fig. 6 . The cutting forces were acquired using a piezo-electric dynamometer and charge amplifier (Kistler, models 9257B and 5010) with an estimated uncertainty about ±0.2 N. There (x, y, and z) global axis forces have been recorded at 2667, 4000 and 5333 Hz for the spindle speed of 40000, 60000, and 80000 rpm cutting conditions respectively with a PC-based data acquisition system. The summary of the experimental conditions is given in Table 2 . The experimentally measured feed (F x ) and normal forces (F y ) for various feed rates for the 40000 rev/min cutting condition are given in Fig. 7 . The force signals at each channel of the dynamometer are sampled with twice the tooth passing frequency, hence four samples were collected per rotation.
The variations were very high especially in the forces of the feed direction as shown in Fig. 7 . However, higher specific feed and normal forces are observed for lower feed rates as shown in Fig. 8 . Specific forces were much greater when the feed per tooth became lower than 0.635 µm. The ploughingdominated micro end milling was observed for the cutting condition of 0.15875 µm/tooth. The variations in feed force (F x ) have become much higher for the cutting conditions of 60000 rev/min spindle speed when compared to forces in cutting conditions of 40000 rev/min spindle speed as shown in Fig. 9 . However, forces in the normal to the feed direction (F y ). The measured specific feed and normal forces are also given in Fig. 10 . Specific forces were again much greater when the feed per tooth became lower than 0.635 µm same pattern as seen in Fig. 8 . The ploughing-dominated micro end milling has taken place for the cutting condition of 0.15875 µm/tooth. Micro end milling experiments have been conducted at the same feed per tooth (2.54 µm/tooth) cutting condition but with varying spindle speeds (40000, 60000, and 80000 rev/min) in order to investigate the influence of spindle speed on the feed and normal force generations. The corresponding cutting speeds are 79.8, 119.7, and 169.65 m/min respectively. In all cutting speed conditions, substantial force variations were observed as shown in Fig. 11 . However, the forces were less in higher spindle speed, hence cutting speeds as can be seen in the measured force plots in Fig. 11 . Machined channels and the surfaces generated were also smoother as the spindle speed increases as shown in Fig. 12 . 
FINITE ELEMENT MODEL FOR MESO END MILLING
Fundamentally, metal cutting process has being considered as a deformation process where deformation is highly concentrated in a small zone. Thus, chip formation in milling process can also be simulated using Finite Element Method (FEM) techniques developed for large deformation processes [21] . The main advantage of using such an approach is to be able to predict chip flow, cutting forces, and especially a distribution of tool temperatures and stresses for various cutting conditions. However, material flow characteristics, or flow stresses, at high temperature and deformation rates are required to make predictions with FEM-based simulations.
In this paper, simulation of the meso-end milling process is also presented. FEM-based commercially available software, DEFORM-2D, was used for the process simulations. An FEM model is designed for machining of AL2024-T6 aluminum alloy using as shown in Fig.13 . Johnson-Cook workpiece material model is used for elasto-plastic deformation analysis for AL2024-T6 workpiece with constants of A=265 MPa, B=426 MPa, C=0.015, n=0.34, and m=1 [25] . FEM simulations are conducted for the cutting condition of D=1.5875 mm and 3.175 mm, 2.54 µm feed per tooth, and 6000 rev/min spindle speed. A constant friction factor of 0.65 at the chip-tool contact is used. Tool edge radius of 30 µm is used as suggested by manufacturer. 
PREDICTION OF TEMPERATURE DISTRIBUTIONS
Temperature distribution for the fully-grown chip in end milling with cutter diameter D=3.175 mm is observed at around 90° of tool immersion angle as shown in Fig. 14 . The chip flow was predicted from the FEM simulations at tool immersion angles of 90°, 120°, and 180° for end milling cutter with D=1.5875 mm as shown in Fig. 15 . The chip forms as the cutting edge rotates. It is observed that larger strains due to friction induced deformations and the thermal expansion at the tool rake face lead to a curling of the chip. The tail of the chip touches to the uncut workpiece and slides on this surface as the one of the teeth begins to exits the workpiece as shown in Fig  15. The complete chip forms are observed around 180° of tool immersion angle. 
PREDICTION OF NORMAL AND FEED FORCES
The normal and feed forces are also predicted with the FEM simulations of meso end milling for end milling cutter D=1.5875 mm as shown in Fig. 16 . 
CONCLUSIONS
This paper introduces an experimental and modeling study for meso/micro end milling of AL2024-T6 aluminum alloy. The experimental measured forces are presented for various feed per tooth, cutter diameter and spindle speed cutting conditions. The size effect and minimum chip thickness phenomenon are also observed at very low feed rates. Large force variations are observed as the diameter of the cutter decreases and the spindle speed increases. An FEM model is introduced for simulation of chip flow and predictions for forces and temperature fields for meso end milling. The results are found promising to extend this FEM model to investigate micro-end milling process as future work.
